Parametric scattering of microcavity polaritons into ghost branches 
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Polaritons of defined momentum and energy are excited resonantly on the lower polariton branch 
of a planar semiconductor microcavity in the strong coupling regime, and the spectrally and mo- 
mentum resolved emission is analyzed. We observe ghost branches from scattering within the lower 
polariton branch, as well as from scattering to the middle polariton branch, showing the non-linear 
mixing between different branches. Extending the theoretical treatment of spontaneous parametric 
luminescence developed in Ciuti et al, Phys. Rev. B 63, 041303 (2001), the eigenmodes of the 
driven polariton system and its photoluminescence are modeled. 



Cavity excitons-polaritons in planar semiconductor mi- 
crocavities are quasi-particles resulting from strong cou- 
pling between the Fabry- Perot cavity mode and excitonic 
resonance of the semiconductor inside the cavity. Below 
the exciton saturation density, polaritons can be treated 
as composite bosons^. They inherit features of exciton 
and photon constituents resulting in strong interactions 
and a in-plane dispersion and propagation dominated 
by the cavity mode. The parametric scattering of mi- 
crocavity polaritons is described in lowest order by the 
third-order susceptibilit}'^. Given a coherent population 
of "pump" (P) polaritons, which are scattered into "sig- 
nal" (S) and "idler" (I) polaritons, the phase matching 
in time and space results in the conservation of energy 
2Ep = Es -\- El, and momenta 2kp = ks + kj where k is 
the wavevector. The scattering is resonant to the eigen- 
states of the system, which in the investigated sample are 
the polaritons of the lower, middle and upper branches 
with the energies £^Lp(k), £^Mp(k), ^up(k). This scatter- 
ing enables optical parametric amplificatiorP. A theoret- 
ical model describing the spontaneous parametric fluo- 
rescence was discussed in Ref. 4 , and extended to stim- 
ulated emission in Ref. 5 , Spontaneous parametric emis- 
sion was experimentally investigated in Ref. 6 7 showing 
the scattering into the phase-matched 8-shapes in mo- 
mentum space, which was then shown to provide en- 
tangled photon sources^ ^, which was recently extended 
to one-dimensional cavity structures^ In this letter, 
we report on spontaneous parametric scattering of reso- 
nantly excited polaritons onto real and ghost branches. 

The microcavity sample^ investigated here is a lA 
Alo.05Gao.95As cavity with a single 15 nm GaAs quan- 
tum well with 5nm Alo.3Gao.7As barriers in its cen- 
ter, providing two excitonic resonances, the heavy hole 
and the light hole exciton. The cavity is surrounded 
by AlAs/Alo.i5Gao.85As distributed Bragg reflectors with 
25(16) periods on the bottom(top) of the epilayer. The 
cavity mode energy gradient was about 1.5meV/mm, 
which allowed to adjust the detuning between cavity and 
heavy- hole exciton = Ec — £^hh- The use of a wide bi- 
nary GaAs well eliminates the alloy disorder found in In- 
GaAs/GaAs quantum well^^, resulting in an inhomoge- 
neous exciton linewidth of^^ 170 /ieV. The Alo.05Gao.95As 
cavity reduces the carrier confinement and thus the car- 
rier trapping and the related homogenous broadenin^l. 
The resulting exciton linewidth was measured here at 
full- width half maximum as 7hh = 150 /ieV using re- 
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FIG. 1: Optical setup used. M1,M2: Gimbal mounted mir- 
rors, L1-L6 Lenses, MC: Microcavity sample, LS1,LS2 mov- 
able lenses for imaging, dashed lines: removable mirrors, 
BS1,BS2 Beam-splitters. 



flection spectroscopy. The cavity linewidth 7c of about 
300 fieV is limited by the reflectivity of the top Bragg 
mirror. 

The sample was mounted in a helium bath cryostat at a 
temperature of 5 K and a vapor pressure of 200 mbar. To 
measure the polariton dispersion, we used a weak pulsed 
excitation with a mode-locked Ti: Sapphire laser (Coher- 
ent Mira) delivering 100 fs pulses at 76 MHz repetition 
rate and a spectral width of approximately 20 meV. The 
excitation was focused to a diffraction limited spot of 
1.5 /im with a 0.5NA lens having a wavevector range of 
1^1 < 4//im. To excite pump polaritons for paramet- 
ric scattering, we used a linearly polarized single-mode 
CW external cavity diode laser with a spectral width 
of 20neV. Two-dimensional excitation wavevector con- 
trol was realized by a mirror on a gimbal mount, which 
was imaged onto the sample^. The beam divergence at 
the mirror was adjusted to create a gaussian tail at the 
sample, providing the minimum wavevector spread for a 
given excitation size. The beam diameter at 1/e intensity 
on the sample was 70 //m, corresponding to a wavevec- 
tor spread of |k| < 0.09/ jam. In order to avoid sample 
heating, the excitation was chopped by an acousto-optic 
modulator producing pulses of 1 fis pulse duration at 1% 
duty cycle. The peak intensity on the sample / was about 
lO^W/cm^. The resonantly created polariton density 
7VLp(kp) - IrT/Ep lO^/cm^ 20 The reciprocal space 
(k) of the cross-linearly polarized emission was imaged 
onto the input slit of a high resolution (20 /ieV) imaging 
spectrometer and detected using a CCD-CamergpESl. 

The polariton dispersion in the low-intensity regime 
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FIG. 2: Reflection of the microcavity as function of photon 
energy and wavevector k = (kx, 0). a) positive detuning Ac = 
5meV. b) negative detuning Ac = — 4meV. The calculated 
polariton dispersions ^B(k) are given by lines as labeled. 



was measured using k resolved reflection spectroscopy 
as shown in Fig.[2j and modeled with the coupled three 
oscillator model for the cavity mode, heavy- and light- 
hole exciton^^ From these fits of EB{k) to the set 
of polariton branches B={LP,MP,UP}, we deduced the 
exciton energies £^hh = 1.5333 eV, En^ = 1.5399 eV, and 
the Rabi splittings 21]hh = 3.7 meV, 2 l^ih = 2.4 meV, for 
heavy- and light-hole excitons, respectively. The exciton 
and polariton linewidths of this sample were previously 
compared^ ^ with the linewidth averaging model, in which 
the polariton linewidth 7b is a weighted average of 7c and 
the exciton linewidths 7hh,7ih, 



7b = ^ih,B7hh + a;ih,B7ih + cb7c 



(1) 



with the contents of cavity cb, heavy hole exciton Xhh,B7 
and light hole exciton xih,B in the polaritorl^. The model 
is assuming Lorenzian lineshapes, and shows sufficient 
agreement with the experiment for the LP at zero and 
negative detuning. Increasing the exciton density as rel- 
evant in our experiments, the exciton linewidth is dom- 
inated by exciton-exciton scattering, which has a differ- 
ent non-Lorentzian shape compared to inhomogeneous 
broadening. 

The parametric emission was modeled following Ref.T, 
where the polaritons are excited resonantly with a pump 
field Pp{t) = (pLp(kp,t)) of defined wavevector kp and 
photon energy Ep within the LP branch. The po- 
laritons of signal and idler are coupled by a momen- 
tum conserving exciton-exciton scattering proportional 
to the pump intensity, described by off-diagonal terms 
in an anti-hermitian coupling matrix. In the follow- 
ing we use the renormalised complex polariton energies 
Eb = Eb — ijB + ^B "I^Pp- The polariton-polariton in- 
teraction term E^^ was determined using Eq. 9 in Ref. 6 



^r(k) = 2xLp(kp)xB(k) {12^x+ 
167r. 
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(2) 



with an exciton binding energy of Ex = 8 meV. The exci- 
tonic content xb was taken as the sum xb = ^hh,B +^ih,B 
of heavy and light hole content. The expression holds for 
circular polarization, so that for the cross-linear polar- 
ization configuration used here in the regime where the 



renormalisation is smaller than the linewidth we expect 
some deviations in the overall scattering strength. For 
higher polariton densities the spin-dependent interaction 
is influencing the dynamics significantl}^^^ 

Neglecting higher-order scattering processes and 
Langevin terms of the external light field, the steady- 
state emission from these branches was derived in 
an analytical form (Eq. 9 of Ref. 4]) as a function of 
the steady state population of the signal 7VB(ks) = 
(pg(ks, 0)pB(ks, 0)) and an anomalous parametric cor- 
relation amplitude between signal and idler polaritons 
A*(ks) = (p^(ks,0)p^(ki,0)) where pB(k,t) is the time- 
dependent polariton operator of branch B and wavevec- 
tor k. We extended the model to include the middle po- 
lariton branch (MP) resulting in a corresponding ghost 
branch (MP*). The coupling matrix for the different 
branches is given by 



^B(ks) 

-(£;jf*p2)* 



pint p2 

2Ep-E^{ki) 



(3) 



having the eigenvalues (ks). The interaction energy 
* is given by Eq. 8 in Ref.161 



E'^\ks) = XLp(kp)VxB(ks)xB(ki) 



(4) 
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The parametric emission intensity of each polariton 
branch /^^^ is then given by 



7P"'^(ks,w)cXCB(ks) X 

AB(ks,a;)7VB(ks) +£;g'Hks)PM&(ks) 
(E+(ks)-?iw) (aw-^B(ks)) 



(5) 



with 



^B(ks) 



i<^B(ks)r 



(7B(ks)+7B(ki))^ 
7B(ks)7B(ki) 



iVB(ks) = 9{<*(ks)P|^^(ksy /7B(ks) , the emis- 
sion detuning AB(ks,co') = huj -\- E^Cki) — 2Ep and the 
signal-idler detuning (^B(ks) = 2Ep - E^^ks) - E^{ki). 
The total emission /p^^ is the sum of /g^^ over all 
branches B. This theoretical treatment is valid below 
the threshold for parametric oscillation given by the con- 
dition ^(^^(ks)) < 0. We used the complex polari- 
ton energies ^b calculated in the three coupled oscilla- 
tor model with a k-dependent broadening from Eq.Q 
with 7c = 300/ieV and 7ih = 7hh = 400/ieV. The exciton 
linewidths are higher than measured in the low intensity 
regime, which we attribute to exciton-exciton scattering 
by the higher exciton density in the parametric scattering 
experiments^^. The pump is assumed to be resonant to 
the LP branch. The simulations shown are well below the 
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FIG. 3: Energy and wavevector resolved emission intensity I(k,(jj) on a logarithmic scale as indicated, for a pump energy 
Ep = 1530.25 meV and wavevector kp = (0.1,0)//im at a cavity detuning of Ac = — l.TmeV. a) Measured /(k,C(;) for k = 
(/ccc, 0.4//im). Lines: Eigenmodes E^(k.) of Eq.([3l, for B=LP in magenta, and for B=MP in yellow, b) Parametric emission 
/P'''"(k,cj) calculated using Eq.([5|. 



threshold, for which the renormalization is negligible and 
jpar -g independent of the pump intensity up to a scal- 
ing factor. We used Pkp = 10"^, A^Lp(kp) lO^/cm^ 
for exciton Bohr radius Xx = 14 nm^. Simulations were 
made with a step size of 20 fieV in hu and 0.06//im in 
ks. 

We now discuss the measured microcavity emission 
for different pump energies and wavevectors together 
with corresponding results of simulations. We com- 
mence with a pump close to the dispersion minimum at 
Ep = 1530.15 meV and kp = (0.1,0)//im for a cavity de- 
tuning Ac = — l.TmeV, shown in Fig. [3) The measured 
emission /((/ca^, 0.4//im), cj) shown in Fig.|3|i shows the 
dominant emission from the LP and from the pump which 
is scattered elastically by disorder towards the detection 
wavevector range. The emission from the MP is about 2 
orders of magnitude weaker, and the ghost branches LP* 
and MP* are 2-4 orders of magnitude weaker and show a 
reversed dispersion. The corresponding predicted eigen- 
values (k) of Eq.([3| are following the observed emis- 
sion peaks. For a more detailed comparison with theory, 
we give in Fig.[3]3 the calculated parametric emission in- 
tensity /P^^, which shows a semi-quantitative agreement 
with the experimental result. The main deviation is the 
observed intensity of the ghost branches, which in the 
experiment is much weaker than in the simulation. This 
is actually expected as the model accounts for radiative 
broadening only, such that all parametrically scattered 
polaritons are emitted, resulting in equal intensities of 
signal and idler. In the experiment, a significant part of 
the broadening at higher k is due to the exciton linewidth 
(see Eq.Q), which represents a scattering of polaritons 
into excitonic states. This scattering results in a ther- 
malized population of excitons at high k, emitting dom- 
inantly from the LP and the bottleneck region, which is 
the reason for the observed strong LP emission. Ghost 
branches are best visible for small kp due to the smaller 



contribution of the exciton broadenin^^^. 

Moving the pump away from the dispersion mini- 
mum to kp = (0.85, 0)//im, the emission reveals the 
expected asymmetry as shown in Fig.|4j Two differ- 
ent cross-sections k = (/c^^, 0.3//im) in (a,b) and k = 
{0/fim,ky) in (c,d) of the full three-dimensional data 
set are given. Moving further along the dispersion to 
kp = (0, — 1.9)//im close to the infiexion point, as shown 
in Fig.jsj LP and LP* intersect close to the dispersion 
minimum at kp = (0, — 0.5)//im and kp = (0,0.2)//im, 
at which energy and momentum conserving scattering is 
resonant for signal and idler. This pump wavevector is 
close to the so-called magic ang l^for which LP and LP* 
intersect at k = resulting in a small threshold for para- 
metric oscillation. For this excitation the ghost branches 
are visible mainly at the intersection points. This could 
partly be due to the onset of stimulated scatterin^^^. 
The corresponding simulations shown in Fig.[5]3 give good 
agreement with measurement for the LP branch. How- 
ever, the calculated MP branch has a weaker emission for 
small k, and a higher emission for large k. This is again 
related to the exciton scattering into the exciton reser- 
voir and subsequent emission of thermalized excitons, as 
the middle polariton the highest exciton content at small 
k. 

In Fig.[6j we show measured polariton luminescence 
for kp = (0, — 1.95)//im well above the infiexion point, 
resulting in an 8-shaped resonant region^ in k space. 
In the cross-section k = (— 0.25//im, /c^y), the LP real 
and ghost branches intersect ai E = 1526.95 meV,k = 
(— 0.25, 0.7)//im. In the cross-section k = (kx^O) shown 
in Fig. [6]:, the LP real and ghost branches intersect at 
E = 1527.1meV, k = (±0.82, 0)//im. Again a good 
agreement with the simulations is found. 

In summary we have shown polariton parametric pair 
scattering from a resonantly excited pump state into real 
and ghost branches of signal and idler polaritons for dif- 
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FIG. 4: As Fig.[3] but for = 1530.55 meV, kp = (0.85, 0)//im, Ac = -2.1 meV. a,b) k = (/c^, 0.3//im). c,d) k = (0//im, /c^). 




FIG. 5: As Fig.js] but for ^p = 1530.1 meV, kp = (0, -1.9)//im, Ac = -5.5meV, and cross-section k {0,ky). 
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